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The charge density wave phase transition of 1T -TiSe2 is studied by angle-resolved photoemis-
sion over a wide temperature range. An important chemical potential shift which strongly evolves
with temperature is evidenced. In the framework of the exciton condensate phase, the detailed
temperature dependence of the associated order parameter is extracted. Having a mean-field-like
behaviour at low temperature, it exhibits a non-zero value above the transition, interpreted as the
signature of strong excitonic fluctuations, reminiscent of the pseudo-gap phase of high temperature
superconductors. Integrated intensity around the Fermi level is found to display a trend similar to
the measured resistivity and is discussed within the model.
PACS numbers: 79.60.Bm,71.27.+a,71.35.Lk,71.45.Lr
I. INTRODUCTION
The transition metal dichalcogenides (TMDC) belong
to a class of quasi two-dimensional compounds famous
for their charge density wave (CDW) phases1,2,3. Due
to their layered structure, they can be easily intercalated
by foreign atoms in their so-called Van der Waals gap,
providing a chemical parameter for tuning new phenom-
ena. In this way, for instance superconductivity can be
enhanced or suppressed, sometimes in competition with
CDW phases4,5.
Among the TMDC, 1T -TiSe2 turns out to be an in-
teresting and enigmatic material. At the critical tem-
perature of Tc ≃ 200K, the system undergoes a second-
order phase transition, characterized notably by a peak-
ing resistivity6,7 (see Fig. 1 (a)) and a phonon softening8
at Tc. The electronic band structure and its elementary
excitations can be determined by angle-resolved pho-
toemission spectroscopy (ARPES). At room-temperature
(RT), ARPES evidenced two main contributions near the
Fermi energy EF , namely a valence band (of Se4p char-
acter) and conduction bands (of Ti3d character), whose
relative energy positions are still controversial9,10. At
low temperature (LT), intense backfolded bands, char-
acteristic of the CDW, appear. The origin of the CDW
is not completely settled yet and resists to conventional
explanations. Indeed, the 1T -TiSe2 Fermi surface (FS)
topology does not favor nesting, since no large parallel
portions of FS are present11. A band Jahn-Teller effect12
has been proposed as an alternative mechanism, relying
on the fact that at the transition a periodic lattice distor-
tion develops, which results in a tendency of the system
to pass from the 1T (octhedral environment of the transi-
tion atom) to the 2H (prismatic environment) polytype.
A third explanation, that is developed hereafter, is the
exciton condensate phase.
This phase, originally denominated as the excitonic
insulator phase, appeared in the mid-1960s as a theo-
retical prediction13,14. In its simplest version, its basic
ingredients are a single valence and a single conduction
band, having a semimetallic or semiconductor configura-
tion. Then, if the overlap or the gap between them is
small enough, bound states of holes and electrons, called
excitons, will condense in a macroscopic state and drive
the system into a new ground state, provided the temper-
ature is sufficiently low. The CDW arises naturally from
the coupling between the valence and conduction bands,
opening a gap between them at LT and transforming the
semimetallic or semiconducting configuration into an in-
sulating one. In other words, the presence of condensed
excitons in the system creates the CDW as a purely elec-
tronic process.
In the case of 1T -TiSe2, the situation is more com-
plicated. Three symmetry equivalent conduction bands
having their minima at the border of the Brillouin zone
(BZ) (at the L point, see Fig. 1 (b)) are coupled to the
valence band having its maximum at the center of the
BZ (the Γ point). The main difference with the basic ex-
citonic insulator phase is that the electron-hole coupling
does not shift all the conduction bands, providing states
which are unperturbed by the transition and therefore
tempering the insulating character of the transition15.
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FIG. 1: (a) In-plane (⊥ c) resistivity of 1T -TiSe2 as a func-
tion of temperature7. (b) Brillouin zone of 1T -TiSe2 with its
high symmetry points. (c) Left: constant energy map near
EF of 1T -TiSe2 in planes parallel to the ΓMK plane, with
electron pockets at L(M¯) produced by the conduction band.
In parenthesis the surface Brillouin zone notation is indicated
for high symmetry points. Right: the valence bands have
their maxima at Γ and the conduction band has its minimum
at L.
Among the recent ARPES studies on 1T -TiSe2, Pillo
et al. inferred the existence of a small indirect gap and a
conduction band in the unoccupied states and supported
the exciton condensate phase scenario16. Kidd et al. also
evidenced a small indirect gap with a conduction band in
the unoccupied states. They relied on a combination of
an electron-hole coupling and a Jahn-Teller effect as the
origin of the CDW phase17. Rossnagel et al. deduced
remarkable shifts of the valence and conduction bands in
the temperature range of 100K≤ T ≤ 300K, but without
being able to determine the nature of the gap18. On this
basis, they also gave a simple qualitative explanation of
the peak in the resistivity of 1T -TiSe2. In their conclu-
sions, they rather endorse the Jahn-Teller effect. In our
recent publications, we defend the thesis of the excitonic
insulator phase as the origin of the CDW phase of 1T -
TiSe2 and we infer a small indirect overlap of the valence
and conduction bands in the normal phase, i.e. in the
absence of excitonic effects9,15.
In this paper, we present high resolution ARPES mea-
surements of 1T -TiSe2 aimed at extracting a detailed
temperature dependence over a wide temperature range.
It evidences strong shifts of the backfolded valence
band and of the conduction band, which we are able to
relate to the combined effects of the order parameter
characterizing the exciton condensate phase and of a
chemical potential shift. Moreover, in photoemission
spectra, relevant intensity features following closely
the shape of the temperature dependent resistivity are
-0.4
-0.4
0.0
0.0
0.4
0.4
k// (MK)
-0.6
-0.4
-0.2
0.0
0.2
T=288K
K M K
E
-E
F  (e
V
)
-0.4
-0.4
0.0
0.0
0.4
0.4
k// (MK)
T=172K
K M K
-0.4
-0.4
0.0
0.0
0.4
0.4
k// (MK)
-0.6
-0.4
-0.2
0.0
0.2
E
-E
F
 (
e
V
)
K M K
T=13K
FIG. 2: (color online) Photoemission intensity maps, as false
colour plots (dark colours represent strong intensity), mea-
sured along Γ¯K¯ (see text for an explanation of this notation)
at three different temperatures corresponding, from left to
right, to situations well below Tc, around Tc and well above
Tc respectively.
found. Finally, at the lowest temperature achieved
here, we identify for the first time a new structure in
the conduction band which we discuss in relation to
the electron-phonon coupling. Section II presents the
experimental data whereas Sections III and IV give a
detailed discussion before finishing with Section V.
II. EXPERIMENTAL DATA
The photoemission intensity maps presented here were
recorded using linear p-polarized HeIα radiation at 21.2
eV and using an upgraded Scienta SES-200 spectrometer
with an overall energy resolution better than 10 meV.
A liquid helium cooled manipulator having an angular
resolution of 0.1◦ was used, with a temperature stabil-
ity < 5K. 1T -TiSe2 samples were cleaved in-situ, in a
base pressure in the low 10−11 mbar, ensuring a high
longevity of the sample surface. Photoemission spectra
were recorded from 13K to RT. At the end of the mea-
surements, the sample was cooled again to 13K and com-
parable spectra were recorded again, confirming the sta-
bility of the surface. Reference spectra of polycrystalline
gold evaporated on the same sampleholder as 1T -TiSe2
were recorded for determining the Fermi level position.
At the excitation energy of 21.2 eV, at the border of the
BZ, initial states close to the L point are probed (see
the BZ depicted in Fig. 1(b) for situating high symme-
try points). In the following, we will use the surface BZ
notation, M¯ , for such measurements.
Fig. 1(c) presents the schematic near-EF electronic
structure of 1T -TiSe2 in the normal phase, i.e. in the
absence of CDW fluctuations. The constant energy map
(left picture) consists of a hole pocket at Γ (Γ¯ in the sur-
face BZ) and three symmetry equivalent electron pock-
ets at L and L′ (M¯ and M¯ ′ in the surface BZ) in
planes parallel to the ΓMK plane (Γ¯M¯K¯ in the surface
BZ). Schematically, the corresponding near-EF disper-
sions (right picture) involve three Se 4p-derived valence
bands having their maximum at Γ and one Ti 3d-derived
3conduction band having its minimum at L.
At RT already, strong fluctuations of the CDW phase
are present9, so that a gap opens between the valence and
conduction bands, shifting the valence band below EF .
Only the conduction bands remain in the neighbourhood
of EF . Therefore, to study the temperature dependence
of the electronic structure of 1T -TiSe2, we focus on the
situation at M¯ . At LT, the most prominent feature at-
testing the CDW phase is seen at M¯ in the form of the
backfolded valence band. It is located well inside the oc-
cupied states, below the conduction band. Its maximum
shifts to higher binding energies with decreasing temper-
ature. Fig. 2 shows photoemission intensity maps at the
temperatures of 13K, 172K and 288K, corresponding to
situations well below Tc, near Tc and well above Tc, re-
spectively. Well below Tc, the backfolded valence band
is intense and clearly distinct from the conduction band.
In fact, two contributions can be resolved at high bind-
ing energies representing two backfolded valence bands.
The conduction band provides some intensity just below
EF . Near Tc, the backfolded valence band is less intense
and closer to the conduction band, which has gained in-
tensity below EF . Well above Tc, the backfolded valence
band mixes up with the conduction band and only some
residual intensity shows up below the conduction band,
precursor of the CDW and the backfolded valence band.
To understand the origin of the CDW phase of 1T -
TiSe2 and its influence on the ARPES spectra, we have
performed a detailed series of such measurements over a
wide temperature range. From each intensity map, the
central energy distribution curve (EDC) (situated at M¯
exactly) is extracted, allowing to plot the waterfall of Fig.
3(a) (left). The blue EDC was measured at 200K, at Tc.
The conduction band, labelled C, is clearly recognized
just below EF . At LT, a new peak, labelled B, develops
below the conduction band and is identified as the valence
band backfolded to M¯ . With decreasing temperature, it
shifts to higher binding energies and becomes much more
intense. This increase in spectral weight is mainly bal-
anced by a decrease in spectral weight of the original
valence band at Γ¯ (not shown here, see reference15 for a
comprehensive discussion). Looking more carefully one
sees that another peak, labelled A, also develops below
this backfolded band, which can be identified with a sec-
ond (spin orbit split) valence band backfolded from Γ¯ to
M¯ . Contribution D is close to EF and is resolved here
for the first time to our knowledge (similar measurements
performed on other samples confirm this result). The
splitting between contribution C and D is of the order
of ∼ 50 meV and as the temperature increases, contribu-
tion D rapidly disappears. We identify this peak as the
quasiparticle peak originating from the coupling of the
conduction band to phonons20. Contribution C is then
the incoherent peak which mostly follows the dispersion
of the original conduction band. This phenomenon will
be described in more details in a forthcoming paper21.
Fig. 3(a) (right) shows a false color plot of this water-
fall, emphasizing thus the temperature evolution of the
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FIG. 3: (color online) (a) Left: EDCs measured exactly at M¯ ,
as a function of temperature (for the blue EDC, T = 200K).
Right: the corresponding false color plot, with the dashed line
at T = 200K. (b) Integrated intensity around EF (over ±50
meV) for each measured photoemission intensity map, as a
function of temperature. (c) Inverse integrated intensity.
position and intensity of the backfolded valence band.
The vertical dotted line indicates Tc. The intensity of the
photoemission intensity maps (as those shown in Fig. 2)
is integrated in the vicinity of EF (±50 meV around EF )
and plotted as a function of temperature in Fig. 3(b).
This procedure provides us with an estimate of the tem-
perature dependence of the electron density n , which we
can then relate to the particular behaviour of the resis-
tivity of 1T -TiSe2. Indeed, the electron density n of the
occupied states in the conduction band participating in
the conductivity σ according to the Drude formula, can
be obtained by
n ∝
∫
d3k
∫ +∆ω
−∆ω
dωAc(~k, ω)nF (ω).
Here nF (ω) is the Fermi-Dirac distribution. Ac(~k, ω)
is the spectral function at L, which is measured by
photoemission19. Therefore, limiting the energy inte-
gration to the neighbourhood of the Fermi energy with
∆ω = 50 meV permits to focus on the contribution of
the conduction band. In Fig. 3(c), the inverse of the
curve in Fig. 3(b) represents then an approximation of
the corresponding resistivity (using the Drude formula
not considering changes in relaxation time and mass). It
displays qualitatively the behaviour of the measured re-
sistivity curve6,7, with a sharp increase around Tc and a
decrease at lower temperatures (Fig. 1(a)).
To get more information from the data of Fig. 3(a),
fitting EDCs as a function of temperature is necessary.
Contribution D complicates the fitting procedure of the
EDCs at the lowest temperatures only, where it ap-
pears. Therefore, we adopt the following strategy. For
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FIG. 4: (a) Position of contributions A,B,C as a function of
temperature, obtained by fitting EDCs, and with their error
bars. (b) Order parameter of the exciton condensate phase.
The continuous (blue) line is a fit with a mean-field-like func-
tion. The dashed (blue) line is a similar fit, after subtrac-
tion of the chemical potential shift (see text for more details).
(c) Chemical potential shift obtained from our data. The
dotted-dashed line represents the extrapolation of a linear fit
to the high temperature part. (d) Calculated chemical poten-
tial shift from previous work22 (see text).
EDCs at the lowest temperatures, we start by adjusting
a Lorentzian to the contribution C alone (this approxi-
mation results in larger error bars) and subtract it from
the EDC. Then, contributions A and B are fitted sepa-
rately by two Lorentzians. At higher temperatures, the
situation is simpler as fitting with three Lorentzians is
possible at once for the whole EDC. Fitting is done in an
iterative way, meaning that parameters of the previous
fit (i.e. with a lower temperature) are used as an ini-
tial guess. The Fermi-Dirac cutoff is included in the fit
too. Fig. 4(a) displays the position of contributions A,
B and C as a function of the temperature, namely the
two backfolded valence bands and the conduction band
respectively. Above ∼ 200K, when the peaks start to
merge together, the fitting procedure becomes less accu-
rate. This is reflected by the larger error bars. All three
bands undergo a shift towards EF as the temperature
increases, with the largest change below Tc. Moreover,
at RT, the center of the conduction band at M¯ (close to
L) is at 18 meV above EF , meaning that the band lies
in the unoccupied states at RT. The goal of these fits is
to extract the temperature dependent order parameter
from the experimental data within the exciton conden-
sate phase model. The result is shown in Fig. 4(b) as
explained in the next section.
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FIG. 5: Renormalized dispersions at L calculated by the spec-
tral function derived for the exciton condensate phase for (a)
the normal phase, ∆ = 0 meV, (b) a weak CDW phase,
∆ = 25 meV, and (c) a well-established CDW phase, ∆ = 100
meV. The spectral weight is rendered by the grayscale (the
darker the colour, the higher the spectral weight).
III. DISCUSSION OF THE EXPERIMENTAL
DATA
We now adopt the exciton condensate phase mecha-
nism as the origin of the CDW transition to go further in
our analysis and to understand our experimental results.
In the exciton condensate phase, at LT, the CDW nat-
urally appears from the condensation of excitons, which
are bound pairs of holes from the valence band and elec-
trons from the conduction bands. The non-zero center-
of-mass momentum of the excitons, which is the distance
between Γ and L, gives rise to the CDW, as a purely
electronic mechanism. This CDW phase is character-
ized by a non-zero order parameter ∆, similar to that
of the BCS theory (see reference15 for a rigorous deriva-
tion). We have obtained the spectral function within this
framework to calculate photoemission intensity maps. It
gives us the renormalized dispersions in the CDW phase,
as well as their spectral weight. We must emphasize that
in our minimal model, we considered only the topmost
valence band and the three symmetry equivalent conduc-
tion bands at L, coupled together by the Coulomb inter-
action (these are the bands represented by thick lines in
Fig. 1(c)).
Fig. 5 shows calculated dispersions at L and along
the LH direction, for different values of the order pa-
rameter ∆ and with their spectral weight depicted with
a grayscale. In the normal phase (graph (a)), ∆ = 0
meV, only the original conduction band c1 exists, slightly
above EF , with a unit spectral weight. For ∆ = 25 meV
(graph (b)), spectral weight is transferred from the orig-
inal conduction band c1 not only into the backfolded va-
lence band v1 which appears just below EF , but also into
a symmetry equivalent conduction band c3 backfolded
(from another L point) above the original one. When
∆ increases to 100 meV (graph (c)), the backfolded va-
lence band v1 is shifted further away from EF , at higher
binding energy. Above EF , more spectral weight is trans-
ferred into the backfolded conduction band c3. As we can
guess from this series of graphs, the order parameter ∆
5does not influence the minimum position of the conduc-
tion band exactly at L, provided the chemical potential
is fixed. This was confirmed more precisely in previous
work15. Therefore, in that model, any displacement of
this band at L will signify a chemical potential shift. Fig.
4 (c) shows the chemical potential shift obtained with the
shift of the position of the conduction band (peak C in
Fig. 4 (a)) with respect to its RT value, as a function
of temperature. The dashed-dotted line mimics a linear
behaviour, revealing that this chemical potential shift is
probably composed of two components.
To get furter insight, we refer to a previous paper,
where we addressed the question of the temperature de-
pendence of the exciton condensate phase of 1T -TiSe2
by feeding the model with a temperature dependent or-
der parameter having a given mean-field form22. That
study permitted us to visualize in the calculated spectra
the temperature dependent spectroscopic signature of the
exciton condensate phase and to understand the essential
role played by the backfolded band to evaluate the order
parameter. We also computed (not self-consistently) the
chemical potential shift induced by the CDW transition,
reproduced here in Fig. 4 (d), as well as the change in
the charge carrier density, which characterizes the insu-
lating character of the transition. More precisely, it was
shown that a semimetal like 1T -TiSe2 exhibits a chemi-
cal potential shift which is quasi-linear with temperature
(blue curve in Fig. 4 (d)), when no CDW transition takes
place (if ∆ = 0 meV over the whole temperature range).
This is in fact a consequence of the Fermi-Dirac distribu-
tion on the two bands of the semimetal with non-equal
band masses. Once the excitonic transition sets in, the
chemical potential shift deviates from this quasi-linear
behaviour at Tc and increases even more (red curve in
Fig. 4 (d)) due to the redistribution of spectral weight.
The measured chemical potential in Fig. 4(c) displays a
similar trend with good agreement.
In the exciton condensate model adapted to 1T -TiSe2,
once ∆ 6= 0 meV, new bands, that are the direct manis-
festation of the CDW, develop at high symmetry points.
To clearly show these different contributions, we plot in
Fig. 6(a) the renormalized dispersions of Fig. 5(c) with-
out the spectral weight information. We see that in fact
four bands (the band labelled c2 carries a negligible spec-
tral weight and was therefore not visible in Fig. 5) appear
near L in the CDW phase. Their positions are compli-
cated functions of ∆. However, exactly at L, the situa-
tion simplifies drastically to
Ev1(∆) = Ec1 −
EG
2
−
1
2
√
E2
G
+ 12∆2,
Ec1(∆) = Ec1 , Ec2(∆) = Ec1 ,
Ec3(∆) = Ec1 −
EG
2
+
1
2
√
E2
G
+ 12∆2, (1)
with Ec1 = 18 meV, the position of the conduction band
at RT, and EG := Ec1−Ev1 = −12 meV, the gap between
the valence and conduction bands in the normal phase,
which in our case is an overlap (Ev1 = 30 meV is the
position of the valence band for ∆ = 0 meV taken from
Ref.9). These relationships are of great interest since they
provide a simple way to extract the temperature depen-
dence of the order parameter ∆(T ) from the position of
the backfolded bands.
In our case, as mentioned above, only the backfolded
valence band Ev1(∆) is useful, since the band c3 cannot
be observed by photoemission. Also, it must be empha-
sized that calculations leading to relation 1 have been
done in a mean-field approximation, meaning that this
relation is valid only below Tc. Nonetheless, we use it
above Tc to get an idea of the strength of fluctuations
already identified in Fig. 2 at 288K, where some diffuse
intensity remains at about 100 meV below the conduction
band, interpreted as a precursor of the emergence of the
backfolded valence band and confirming this hypothesis.
Inverting thus the first equation in (1) and inserting
the temperature dependent position of the valence band
of Fig. 4(a) (Ev1 (∆), contribution B, which corresponds
to v1 in 5(c)) results in the data points of Fig. 4(b). For
comparison, they are superimposed on a mean-field-like
order parameter of the form
∆(T ) = ∆0
√
1−
(
T
T˜c
)α
+∆off (2)
fitted to the experiment (continuous blue line), with α =
1. One sees immediately that the critical temperature ex-
tracted from the ARPES data T˜c = 175K is smaller than
that determined from resistivity measurements6 Tc =
200K. For ensuring the best agreement with the data,
an offset value for the order parameter ∆off = 72 meV
has to be added above Tc, to model roughly the strong
fluctuations of incoherent electron-hole pairs above Tc.
Once the temperature decreases below Tc, the order pa-
rameter displays a clear increase in a mean-field fashion.
This is a strong indication of the macroscopic condensa-
tion of coherent excitons. At the lowest temperature the
order parameter reaches the value of ∆(T = 0K) ∼= 120
meV (extrapolated from ∆(T = 13K) = 116 meV).
One may argue that part of the shift of the back-
folded valence band, which is used to derive the order
parameter curve, is due to the chemical shift of the
electronic band structure. Indeed, both effects affect
each other and a global treatment of these effects should
be applied. In fact, the order parameter depends on
the density of charge carriers (through screening of
the potential), depending themselves on the chemical
potential shift. However such an approach implies a
self-consistent numerical calculation of the gap equation
and of the chemical potential. Due to the anisotropy
and the multiplicity of the conduction bands (the three
symmetry equivalent conduction bands at the L points),
it turns out to be more complicated than for a simple
BCS case and thus goes beyond the scope of the present
work. Nonetheless, we superimpose on Fig. 4(b) a fit
(dashed blue line) to the measured order parameter
obtained with the position of the backfolded valence
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FIG. 6: (a) Near EF dispersions around L of 1T -TiSe2 cal-
culated within the exciton condensate phase model for an
order parameter ∆ = 100 meV. (b) Corresponding (calcu-
lated) photoemission intensity map (as a false color plot),
where the spectral weight has been added to the dispersions.
(c) Integrated intensity around EF (over ±50 meV) for each
calculated photoemission intensity map, as a function of tem-
perature. (d) False color plot made of the collection of cal-
culated EDCs at different temperatures and at L for the case
of a non-zero chemical potential shift and a non-zero order
parameter.
band Ev1(∆) from which the chemical potential shift of
Fig. 4(c) has been fully subtracted. It thus represents a
lower limit for the order parameter.
With the analysis of our photoemission data in the
framework of the exciton condensate phase, we revealed
here two effects at play in the 1T -TiSe2 system, as a
function of temperature (i.e., the shift of the chemical
potential and the onset of the order parameter). To bet-
ter understand their influence on the properties of this
system, we insert them into our model, first separately
and then together.
Fig. 6(b) depicts a photoemission intensity map gener-
ated by the spectral function calculated in this model15.
An order parameter ∆ = 100 meV has been used in
this particular case (corresponding to a CDW phase with
strong excitonic effects). It has to be reminded that only
the topmost valence band is considered in our model,
meaning that only one backfolded valence band will ap-
pear at L. For comparison with Fig. 3(b), the intensity
of such calculated photoemission intensity maps in the
vicinity of EF (±50 meV around EF ) is integrated and
plotted as a function of temperature in Fig. 6(c). The
dashed dotted (red) curve corresponds to the case of a
system with an order parameter ∆(T ) = 0 meV and a
chemical potential shift µ(T ) = 0 meV. The integrated
intensity around EF shifts to smaller values as a con-
sequence of the narrowing of the Fermi-Dirac distribu-
tion only. If excitonic effects are included (∆0 = 100
meV, ∆off = 20 meV, T˜c = 175K, see Eqn. (2)), one
obtains the dashed (red) curve. Here, the loss of spectral
weight in the conduction band, transferred to the back-
folded valence band due to the CDW formation, induces
an additional decrease of the integrated intensity below
Tc. On the contrary, when a linear (with temperature)
chemical potential shift, reaching 25 meV at LT, is taken
into account (with ∆ = 0 meV), the trend changes to
the dotted (red) curve. Indeed, the chemical potential
then shifts the conduction band into the occupied states,
increasing thus the integrated intensity around EF . In
1T -TiSe2, both effects compete against each other, so
that the resulting behaviour is non-monotonic.
When combining these two effects, the integrated in-
tensity (blue curve) shows the same behaviour than the
measurements plotted in Fig. 3(b). It has to be no-
ticed that the set of values (∆0 = 100 meV, ∆off = 20
meV, Tc = 175K) giving the best agreement to our mea-
surements is different from what can be inferred from
experiment (∆0 = 48 meV, ∆off = 72 meV, Tc = 175K,
used to fit the data in Fig. 4(b)). We attribute this
discrepancy to the fact that our model does not repro-
duce all the features of the experiment and to the fact
that the chemical potential shift and the order parame-
ter influence each other and cannot simply be described
separately (as explained above). In Fig. 6(d), the cor-
responding calculated EDCs (at L) are displayed in the
same way as in Fig. 3(a) (right). It reproduces the main
features of the experiment, namely the appearance of the
backfolded valence band with a high intensity transferred
from the conduction band, which shifts slowly into the
occupied states as the temperature decreases. However,
the second backfolded valence band is of course missing
(not included in the model) and the intensity of the back-
folded valence band is smaller than that of the original
conduction band, in contrast to the experiment.
IV. FURTHER DISCUSSIONS
An unsolved debate concerning 1T -TiSe2 is the con-
figuration of the bands near EF . In the present work,
the conduction band at M¯ (but close to L) and at RT is
observed to be above EF , at Ec1 = 18± 10 meV. This is
in apparent contradiction with our previous work9 (but
in agreement with earlier ARPES studies16,17,18), where
it has been measured below EF , at Ec1 = −40± 5 meV.
A possible explanation lies in the uncontrolled excess of
Ti in these samples6. In our recent work15, in an attempt
to reconcile density functional theory calculations (which
predict a semimetallic configuration with a large overlap
between the valence and conduction bands23) with the
experiment, we argued that the electrons of the excess Ti
atoms, which are probably situated in the van der Waals
gap (close to the Se atoms) would fill the hole pocket of
7the (Se4p-derived) valence band, shifting it into the occu-
pied states. However, this picture may be too simplistic
and the doping electrons may fill the conduction band
and push it slightly below EF . Then, a conduction band
situated at Ec1 = −40 meV is simply the consequence of
some excess Ti in the sample.
Concerning the position of the valence band, the sit-
uation is also unclear. Indeed, we have seen that at
RT already, strong excitonic fluctuations appear to be
present, resulting in a situation similar to the CDW
phase with ∆ 6= 0 meV, reminiscent to fluctuations in
the pseudo-gap region of high temperature superconduc-
tors. In other words, according to our model, the position
of the valence band at RT does not correspond to that of
the valence band in the normal phase (i.e. with ∆ = 0
meV), since it is already shifted below the conduction
band by excitonic fluctuations (see reference15 for more
details). From calculations performed within our model,
only the top of the valence band is affected. Therefore,
we fitted the branches of the valence band dispersion at
RT with a parabola, as an extrapolation towards its nor-
mal phase dispersion9. A position of Ev = 30 meV for
the valence band was determined, in contradiction with
other ARPES studies, where excitonic effects were not
considered.
An important question is now to see to which extent
the precise position of the valence and conduction bands
may change the conclusions of the present study. We used
the temperature dependent position of the valence band
backfolded to M¯ to extract the temperature dependence
of the order parameter of the exciton condensate phase.
This operation was performed with the help of relation-
ship (1), where the RT position of the conduction band
Ec1 and the gap EG = Ec1−Ev1 are parameters. The RT
position of the conduction band Ec1 has been determined
in this work. EG depends also on the RT position of the
valence band Ev1 which was determined in previous work
(see above), yielding an overlap of EG = −12 meV and
thus a semimetallic configuration. To test the influence
of Ev1 on this result, we also considered a semiconduct-
ing configuration, with the conduction band at the same
position (Ec1 = 18 meV) but a valence band completely
in the occupied states at Ev1 = −30 meV and calcu-
lated the corresponding order parameter. The resulting
fit (also done with the equation (2)) is very similar to
the continuous (blue) curve of Fig. 4(b), but the curve
is shifted to lower energy values by 19 meV. It turns out
in fact that the shift of the order parameter curve varies
almost linearly with the size of the gap EG (and that its
shape hardly changes).
A non-trivial issue is to know how to interpret the order
parameter obtained from the measurements (Fig. 4(b))
which clearly consists of two regimes. Below Tc, it in-
creases in a mean-field fashion, which we understand as
a macroscopic condensation of excitons. This is expected
from the mean-field theory we used to derive equation 1.
Mean-field theory predicts a zero value for the order pa-
rameter above Tc. However, from our measurements and
our procedure for extracting this order parameter, we
find that it displays a finite value above Tc. This comes
from the fact that a contribution from the backfolded va-
lence bands (which is not negligible as can be seen in the
EDCs of Fig. 3(a)) was necessary to fit the EDCs above
Tc. We then interpret this finite order parameter above
Tc as the signature of strong electron-hole pair fluctua-
tions, in a manner similar to the phase fluctuations of
the complex order parameter for high-temperature su-
perconductors in the pseudo-gap phase24. We emphasize
that the numerical value of the order parameter above
Tc must be considered carefully, since we did not analyze
this part of the data with the appropriate theory. Nev-
ertheless, our approach is confirmed by the high residual
intensity below the conduction band at 288K (see Fig.
2).
We now discuss the transition from the fluctuating to
the macroscopic condensation regime. Three different
possible cases can be compatible with our data. (i) In
Fig. 4(b), we fit the experimental data with a function
given by equation (2) (continuous line). This function de-
scribes a mean-field condensation starting at Tc = 175K,
sitting on a constant background ∆off . In this case, in-
coherent excitons giving rise to fluctuations of the order
parameter are present from RT to the lowest tempera-
ture (meaning that strong fluctuations produce above Tc
a pseudo-CDW phase throughout the whole sample, hid-
ing the normal phase to photoemission) and below Tc
coherent excitons generated by the macroscopic conden-
sation add themselves up to the incoherent ones. (ii) As
another way to interpret the data of Fig. 4(b), one can
imagine that at Tc the macroscopic condensation sud-
denly converts all the incoherent excitons present above
Tc into coherent ones so that only coherent excitons ex-
ist below Tc. (iii) Finally, as an alternative to the second
case, the conversion of incoherent excitons into coherent
ones could be progressive, so that the macroscopic con-
densation would start at a critical temperature higher
than what seems obvious in Fig. 4(b). In that sense, the
nearly constant background of fluctuating excitons would
hide the starting macroscopic condensation and the real
critical temperature T ∗c would be larger than what ob-
served for the two other cases. Discriminating between
these three scenarios is a difficult task, which requires
a theoretical understanding of the fluctuation regime
above Tc. This goes beyond the exciton condensate phase
model we already investigated for 1T -TiSe2
15. Recently,
Ihle et al. studied the excitonic insulator phase within
the extended Falicov-Kimball model, in order to under-
stand the metal insulator transition of TmSe0.45Te0.55
25.
They have drawn the corresponding phase diagram which
strongly suggests a crossover from a BCS (weak coupling)
to a Bose-Einstein condensate (BEC) (strong coupling)
phase, which appears in the case of a semimetallic and a
semiconducting configuration, respectively. On the BEC
side, above the critical temperature Tc of the exciton con-
densation, they predict the existence of preformed exci-
tons (which do not exist on the BCS side above Tc). In
8the context of our work, this gives a possible explanation
to the existence of fluctuating electron-hole pairs above
Tc, provided that 1T -TiSe2 displays a semiconducting
configuration which is in contradiction to our conclusion
that the valence band maximum is at Ev1 = +30 meV.
Finally, the strength of the coupling can be then es-
timated with the well-known BCS relationship 2∆(T =
0K)/kBTc = 12.5 to 15.5. This value is four times that
of usual BCS systems, suggesting that a strong coupling
is at play in 1T -TiSe2 to build excitons. This would not
be surprising, since the pairing interaction is a weakly
screened Coulomb interaction for excitons (rather than
an overscreened one for Cooper pairs).
V. CONCLUSION
To summarize, we have performed angle-resolved pho-
toemission measurements of 1T -TiSe2 between 13K and
288K. We focussed on the situation at M¯ (near L), where
the conduction band represents the main contribution to
the bandstructure near EF . From its position obtained
as a function of temperature, an important temperature
dependent chemical potential shift is revealed. At LT, the
valence band is backfolded from Γ¯ to M¯ as a direct man-
ifestation of a transition towards a charge density wave
phase. In the framework of the exciton condensate phase,
its position is directly linked to the order parameter de-
scribing this phase. From our measurements, we are able
to extract this temperature dependent order parameter.
It shows a clear increase below the critical temperature Tc
of the transition, demonstrating exciton condensation in
a mean-field manner. Most remarkably, it points towards
a non-zero value above Tc, which we interpret as the sig-
nature of strong electron-hole fluctuations. However, a
theoretical study of the above-Tc fluctuations, applied to
the bandstructure of 1T -TiSe2, is still lacking. Finally,
we integrated the near-EF spectral weight around M¯ as
a function of temperature. The inverse of the resulting
curve exhibits a striking similarity with the anomalous
resistivity of 1T -TiSe2. On the basis of our model we
are able to reproduce this behaviour qualitatively, pro-
vided that a temperature dependent chemical potential
shift is included in addition to excitonic effects.
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